In order to have access to chiral gels, a series of salts derived from (1R,3S)-(+)-camphoric acid and various secondary amines were prepared based on supramolecular synthon rationale. Out of seven salts prepared, two showed moderate gelation abilities. The gels were characterized by differential scanning calorimetry, table top rheology, scanning electron microscopy, single crystal and powder X-ray diffraction. Structure property correlation based on X-ray diffraction techniques remain inconclusive indicating that some of the integrated part associated with the gelation phenomena requires a better understanding.
Introduction
A gel is a two component system which is mainly liquid with a very little amount of solid. In gel state, gelator molecules form 3-D networks within which solvent molecules are trapped thus resulting in a gel. Depending on the nature of the network, gels can be of two kinds -chemical or polymeric and physical or supramolecular. While covalent bonds are responsible for the formation of 3-D networks in chemical gels, various non-covalent interactions such as hydrogen bonding, π-π stacking, hydrophobic, van der Waals forces etc. are required to form gel network in supramolecular gels. It is believed that in supramolecular gels, the gelator molecules self-assemble to form self-assembled fibrilar networks (SAFINs) which, by some means, are entangled to form 3-D gel networks within which the solvent molecules are immobilized via capillary force action to form gel. A gel with an organic solvent is called organogel whereas that obtained from water or an aqueous solvent mixture is known as a hydrogel. Among the various classes of supramolecular gelators, interest in low molecular mass organic gelators (LMOGs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] is a continuous expanding area on account of their various promising applications [11] [12] [13] . Broadly, LMOGs are used in cosmetics [14] , tissue engineering [15] , drug delivery and biomedical applications [16] [17] [18] [19] , art conservation [20] [21] [22] , templated synthesis of nanoparticles [23, 24] , capture and removal of pollutants [25] , catalysis [26] , sensors [27] , electrooptics/photonics [28] , structure-directing agents [29, 30] etc. The gelator molecules form SAFINs typically when a hot solution containing a small amount of gelator is cooled below a critical temperature (sol-gel temperature); the SAFINs then start to entangle themselves to form a three dimensional network within which the solvent molecules are immobilized by capillary force interactions resulting in gel formation. The elegance of a LMOG lies in the reversible nature of the gel forming network and it is possible to tune the physical properties of the gel by applying external stimuli such as temperature, pH, sound waves [31] , anions [32] etc.
The lack of understanding of the mechanism of gel formation at the molecular level makes it difficult to design a gelator. Most of gelling agents have been discovered serendipitously or derived from a known gelator scaffold. But recent advances in the supramolecular chemistry [33] and crystal engineering [34] has made it possible to design a gelator molecule in a rational manner by exploiting a supramolecular synthon [35] approach, at least for certain classes of gelling agents [3] . We have shown by correlating many single crystal structures of organic salts derived from various organic acids (both mono-and di-basic) and amines (both primary and secondary) with their gelling and non-gelling behavior that 1-D and 2-D forming supramolecular synthons such as secondary ammonium monocarboxylate (SAM) [36, 37] , secondary ammonium dicarboxylate (SAD) [38, 39] , primary ammonium monocarboxylate (PAM) [40, 41] and primary ammonium dicarboxylate (PAD) [42, 43] appear to play a crucial role in gel formation (Scheme 1).
In the present work we intend to exploit SAD synthons to make chiral gels. Supramolecular chirality is an important aspect in the development of chiral catalysts [26] , chiro-optical switches [44] , helical crystallization of proteins and inorganic replicas [45] , chiral resolution [46] etc. For this purpose, we have reacted a dibasic acid such as (1R,3S)-(+)-camphoric acid with various secondary amines namely, dicyclohexylamine (DCHA), dipropylamine (DPA), dibutylamine (DBUA), diisobutylamine (DIBUA), dihexylamine (DHA), dibenzylamine (DBA) and di-sec-butylamine (DSBUA) in a 1:2 molar ratio (Scheme 2).
These salts were then used in gelation studies and the resulting gels characterized by table top rheology, differential scanning calorimetry (DSC), scanning electron microscopy (SEM), single-and powder X-ray diffraction (SXRD and PXRD, respectively). Single crystal structures of two gelators and one nongelator, i.e., DBUAMC 3, DBAMC 6, and DCHADC 1, respectively were determined and discussed in the context of structure-property correlation. 
Results and Discussions Synthesis
The salts were isolated as crystalline solids by the slow evaporation of a methanolic solution of the acid and the corresponding amine taken in an appropriate molar ratio. FT-IR spectra indicated that both the protons of the dicarboxylic acids were absent as was evident from the presence of the characteristic band of COO − (1622-1635 cm −1 ) and absence of COOH (1699 cm −1 ) in salts 1, 2, 4 and 5. However, the presence of FT-IR bands at 1701, 1631 cm −1 for salt 3, 1705, 1548 cm −1 for salt 6 and 1701, 1620 cm −1 for salt 7 clearly indicated that 1:1 acid:amine salts were formed in these cases; satisfactory elemental analysis also support the formation of 1:1 salts 6 and 7 when the corresponding acid and the amines were deliberately reacted in a 1:1 molar ratio. However, that was not the case with salt 3 whose elemental analysis data did not match a 1:1 stoichiometry (see Experimental).
Gelation Studies
All the salts were scanned for gelation in various solvents. In a typical procedure, 20 mg of a salt was taken in a test tube (10 mm × 100 mm) and dissolved in 0.5 ml of the solvent of choice by heating on a hot plate. The gel was obtained by keeping the solution undisturbed under ambient conditions ( Table 1 ).
The salts DBUAMC 3 and DBAMC 6 gave stable gels with polar solvents such as nitrobenzene, and bromobenzene, chlorobenzene and 1,2-dichlorobenzene, respectively. The salt DBUAMC 3 also gave a partial gel (PG) with bromobenzene, chlorobenzene, 1,2-dichlorobenzene; a gel is called PG when the top layer of the solution becomes gel-like entrapping the flowing liquid underneath [47] . DHADC 5 gave a weak gel with nitrobenzene and 1,4 dioxane. Representative photomicrographs of the organogels are depicted in Figure 1 .
To ascertain the thermoreversibility of the gel network, DSC was recorded on a selected gel sample derived from a ~4.0 wt % 1,2-dichlorobenzene solution of DBAMC 6 ( Figure 2 ).
It is clear from the DSC data that the gelation was indeed thermoreversible. However, both the sol-gel and gel-sol transitions occur over a broad range of temperature making it difficult to assess the enthalpy change associated with this process.
To get some idea about the enthalpy change associated with gelsol, we carried out table top rheology [48] on some selected gels ( Figure 3 ).
T gel (gel-sol dissociation temperature) vs [gelator] plots on some selected gels displayed a steady increase of T gel with the increase in [gelator] which indicated that, in the present cases, 
Where ΔH m and T gel are the enthalpy change and temperature associated with the gel-sol transition process, respectively and R is universal gas constant. Here it is considered that gel-sol transition is first order in nature on the assumption that the gel melts into an ideal solution wherein the exact amount of gel involved in the transition is known. The calculated ΔH value for DBAMC 6 is 60.9 kJ/mol and that of DBUAMC 3 is 56.5 kJ/ mol, respectively which clearly indicates that 1,2-dichlorobenzene gel of DBAMC 6 is stronger than the nitrobenzene gel of DBUAMC 3.
To see the morphological features of the gel fibers, some selected xerogels were subjected to SEM (Figure 4) . Highly entangled networks of fibers were seen in the chlorobenzene and 1,2-dichlorobenzene xerogels of DBAMC 6, whereas relatively short plate like morphology was observed in the nitrobenzene xerogel of DBUAMC 3. Understandably, the solvent molecules are immobilized in these networks to form gel. To prove structure-property correlation in these gelators, we tried to crystallize as many salts as possible. However, our best efforts resulted in the crystallization of only three salts, DBUAMC 3, DBAMC 6 and DCHADC 1, which were examined by single crystal X-ray diffraction ( Table 2 ).
The crystal of DBUAMC 3 isolated from ethylene glycol/ methanol mixture belongs to the orthorhombic space group P2 1 2 1 2 1 . The carboxylic acid moiety shows the C-O distances as 1.241(3)-1.272(3) and 1.197(4)-1.300(4) Å which is indicative of the presence of both COOH and COO − . FT-IR data also support this observation (1701 and 1631 cm −1 ). The presence of a secondary ammonium cation is also evident from the strong peak at 2960 cm −1 with multiple bands extending to 2411 cm −1 .
In the crystal structure, the butylammonium cation is disordered over two positions. The strongest hydrogen bonding donor, the charge assisted secondary ammonium cation, form hydrogen bonds with the strongest hydrogen bonding acceptor COO − ; interestingly, the COO − forms hydrogen bonding with two crystallographically equivalent dibutylammonium cations [N…O = 2.725(7)-3.040 (6) Crystals of DCHADC 1 was grown from m-xylene. It was crystallized in the non-centrosymmetric monoclinic space group P2 1 . The C-O distance of the carboxylic acid moieties are 1.226(10)-1.259(10)) Å and 1.226(10)-1.233(11) Å indicating that both the COOH groups are deprotonated which is consistent with the FT-IR data. The appearance of one band at 1622 cm −1 and absence of COOH band at 1699 cm −1 for the parent acid suggest that both the carboxylic acid groups are deprotonated. A strong band at 2928 cm −1 with multiple bands extending to 2362 cm −1 also supports the existence of secondary ammonium cation. In the crystal structure, the strongest hydrogen bonding donor, the charge assisted secondary ammonium cation, and the acceptor -the carboxylate anion -undergo hydrogen bonding [N…O = 2.653 (9) Thus, it is clear that both salts 3 and 6 are1:1 acid:base salts and obviously do not possess SAD moieties, whereas salt 1, which is a 1:2 acid:amine salt, does indeed have a SAD synthon. However, salts 3 and 6 were able to gel a few solvents, whilst salt 1 failed to gel any of the solvents studied herein. It may be recalled here that 2-D hydrogen bonded networks (such as in the salts 3 and 6) have been shown to play a crucial role in gelation [3] . The failure of the salt 1, displaying 1-D SAD synthon, to form gels once again points to the need for a better understanding of gel fiber and solvent interactions.
To see if these crystal structures of 3 and 6 (as discussed above) truly represent the bulk solid as well as the xerogels, we undertook detailed PXRD studies. The comparison plot involving simulated, bulk and xerogel PXRDs for both the salts do not match which indicate the presence of other morphs in the bulk as well as in the corresponding xerogels. The single crystal structure of the salt 1 also appears to be unrepresentative of its bulk as evident from the PXRD comparison plots of the simulated and bulk solid (Figure 8 ). 
Conclusion
We have synthesized a series of secondary ammonium salts of (1R,3S)-(+)-camphoric acid following the rationale of supramolecular synthon in order to have an easy access to chiral gels. Out of seven salts prepared, four were 1:2 acid:amine salts, whereas the others were 1:1 salts. Two 1:1 salts, i.e., DBUAMC 3 and DBAMC 6 were found to be moderate gelling agents. The rest of the salts were either non-gelators or showed weak gelation abilities. Table top rheology data suggest that the 1,2-dichlorobenzene gel of DBAMC 6 is stronger than the nitrobenzene gel of DBUAMC 3. Attempts to correlate the structure with gelling/non-gelling behavior based on various X-ray diffraction techniques was inconclusive as the PXRD patterns of the simulated, bulk and xerogel do not match in both the gelators. Moreover, salt 1 which displayed 1-D SAD synthon failed to gel any of the solvents studied herein indicating that many factors that might be crucial for gelation such as the nucleation of gel fiber, kinetics of gel fiber growth, their selfassembly to form SAFINs and their interactions with the solvent molecules etc. are needed for a deeper understanding. Although we were successful in achieving an easy access to few chiral gels following this supramolecular synthon approach, this study clearly indicates that some of the integrated parts associated with the gelation phenomena require to be better understood before a straightforward design strategy for synthesizing gelling agents can be formulated.
Experimental Materials and physical measurements
All the reagents were obtained from various commercial sources (Sigma-Alrdrich, S. D. Fine Chemical,India etc.) and used as such without further purification. Solvents were of L. R. grade (Ranchem, Spectrochem, India etc.) and were used without further distillation. Melting points were determined by Veego programmable melting point apparatus, India. IR spectra were obtained on a FT-IR instrument (FTIR-8300, Shimadzu). The elemental compositions of the purified compounds were confirmed by elemental analysis (Perkin-Elmer Precisely, Series-II, CHNO/S Analyzer-2400). Scanning electron microscopy (SEM) was carried out with a JEOL, JMS-6700F, Field Emission Scanning Electro Microscope. Differential Scanning Calorimetry (DSC) was recorded with a PerkinElmer, Diamond DSC. Powder X-ray patterns were recorded on a Bruker AXS D8 Advance Powder (Cu Kα1 radiation, λ = 1.5406 Å) diffractometer.
General Synthetic Procedure
The salts were synthesized by reacting the acid and the corresponding amine in a 1:2 molar ratio (except for DBUAMC 3, DBAMC 6 and DSBUAMC 7 where the stoichiometry of acid and amine were 1:1) in MeOH in a beaker. The resultant mixture was subjected to sonication for a few minutes to ensure the homogeneous mixing of the two components. The resulting mixture was then kept at room temperature from which a white solid was collected in near-quantitative yield after 1-2 days and then subjected to various physicochemical analyses and gelation test. All the salts were fully characterized by FT-IR and elemental analysis (except for DBUAMC 3 for which the elemental analysis data did match; however, other data such as FT-IR and single crystal X-ray indicated the formation of a 1:1 acid:amine salt).
T gel Measurements
In a typical experiment, the salt was dissolved in the targeted solvent by heating. The solution was then allowed to cool to room temperature. Gel formation was confirmed by tube inversion. T gel was measured by the dropping ball method; a glass ball weighing 242.0 mg was placed on a 0.5 mL gel in a test tube (10 × 100 mm). The tube was then immersed in an oil bath placed on a magnetic stirrer in order to ensure uniform heating. The temperature was noted when the ball touched the bottom of the tube.
Analytical data
